I. Introduction L imited diffraction beams are new types of beams that, in theory, can propagate to an infinite distance without spreading [1] [2] [3] [4] [5] [6] [7] . In practice, these beams have a large depth of field when they are produced with a finite aperture and energy [3] [4] [5] [6] [7] . Because of this property, they have applications in medical imaging [7] [8] [9] , tissue property identification [10] , blood flow velocity measurement [11] , [12] , nondestructive evaluation (NDE) of materials [13] , Manuscript received July 24, 1998; accepted July 16, 1999 . This work was supported in part by the grant HL 60301 from the National Institutes of Health.
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communications [14] , [15] , and other areas such as electromagnetics [16] and optics [2] , [3] . With limited diffraction beams [5] , [6] , [17] [18] [19] [20] [21] [22] , a high frame rate imaging method has been developed recently [23] [24] [25] . In this method, a plane wave pulse (broadband) is used in transmission. Echoes received with an array transducer are weighted to form limited diffraction beam responses of different parameters. The weighted signals are Fourier-transformed, interpolated, and then inversely Fourier-transformed to obtain an image. The new method has a number of advantages. First, it can achieve an ultra-high frame rate (about 3750 frames or volumes/s for biological soft tissues at a depth of 200 mm) because only one transmission is required to obtain a 2-D or 3-D image. Second, the imaging hardware can be greatly simplified (unlike the conventional delayand-sum method [26] in which digital delays of signals and subsequent high-speed multiple-input digital summations are used, fast Fourier transform (FFT) and inverse fast Fourier transform (IFFT) [27] can be used for the new method). Third, because the entire array aperture is used in transmission and the transmitted beams do not spread over the entire region of interest in medical imaging, the signal-to-noise ratio (SNR) is relatively high [28] . In addition, because of the high frame rate, blood flow images can be constructed, and speckle noise can be reduced with nonlinear smoothing (averaging) techniques [29] [30] [31] . A discussion of the advantages of the high frame rate imaging method over other 3-D imaging methods such as explososcan [32] developed by the Duke University can be found in [23] .
To implement the high frame rate imaging method, theoretically, an array transducer with an element spacing (distance between the centers of two adjacent elements) of about λ/2, where λ is the wavelength, is required [23] , [24] . However, such an array has a large number of elements, especially, for a 2-D array in 3-D imaging (e.g., an 128 × 128 array has 16 384 elements) and is difficult to make because of the problems of interconnection of the array elements, cross-talk, and thick and stiff connection cable between the transducer and the imaging system. Moreover, such an array has a small clamping capacitance and high electrical impedance that reduce the SNR [33] , [34] .
In this paper, an experiment was performed to study the relationship between the quality of images constructed with the high frame rate imaging method and the element spacing of array transducers [35] . Results were compared with those obtained with a conventional delay-and-sum method [26] . In the study, two broadband linear array transducers were used. The first is a 48-element array with a center frequency of 2.25 MHz, an aperture of 18.288 mm, an elevation length of 12.192 mm, and an element spacing of 0.381 mm (0.591λ). The second has 64 elements, a dimension of 38.4 mm× 10 mm, a 2.5-MHz center frequency, and an element spacing of 0.6 mm (1.034λ). The effective element spacings of these arrays were obtained by combining the received signals of an appropriate number of neighboring elements. Results show that resolution of images constructed with the high frame rate method is not affected by the element spacing. However, grating lobes of the line spread function of the imaging system increase with the element spacing, and the contrast of the images of the objects of an ATS tissue-equivalent phantom decreases dramatically when the element spacing is greater than about 2.365λ (here z min /D > 1.58, where z min is the closest distance of the constructed images to the transducer surface and D is the aperture size of transducer). Because the two perpendicular directions along a 2-D array transducer are orthogonal and independent [12] , [18] (see also the simulation study of 3-D objects with a 2-D array [23] ), this suggests that a 2-D array of 2.365λ element spacing can be used with the high frame rate imaging method to construct a reasonably high quality image. This reduces the number of elements from 16 384 for a fully sampled (λ/2 spacing) 128 × 128 2-D array to about 732 that can be manufactured with the current advanced array transducer and interconnection technologies. Here, we ignore the larger element spacing in diagonal directions of both fully sampled and element-reduced 2-D arrays.)
The paper is organized as follows. In Section II, the theory of the high frame rate imaging method is briefly reviewed. The experiment results are given in Sections III. In Sections IV and V, we have a brief discussion and conclusion, respectively.
II. Theoretical Preliminary
Assuming that an object is illuminated with a broadband plane wave (pulse) and that a flat 1-D or 2-D array transducer is used to receive echo signals, from limited diffraction beams such as X waves, one obtains a relationship between the Fourier transform of the backscattering coefficient of biological soft tissues and the received echo signals [23] , [24] :
where
that is an object function representing the distribution of backscattering coefficients of scatterers; A(k) and T (k) are transfer functions of the transmit and receive beams, respectively; k = ω c is a wavenumber; ω is the angular frequency; c is the speed of sound; t is time; 
If the object is 2-D, i.e., the object function f (x, y, z) is not a function of y, (1) can be simplified [23] , [24] :
where the superscript (2D) means 2-D.
From (1) or (3), the spatial Fourier transform of the object functions can be obtained from the Fourier transform of the receive signals in terms of time. Because only one transmission is required to construct either a 2-D or 3-D image, the image construction method has a potential to achieve a very high frame rate. In addition, because the FFT or IFFT can be used, the imaging system can be greatly simplified. (No digital delays and multiple-input digital summations are needed as in a conventional digital beamformer.)
Ideally, to construct images with (1) or (3), array transducers used should have an element spacing of less or equal to one-half of the wavelength concerned [23] , [24] . This requires a large number of elements for a given size of an array, especially, for 2-D arrays. An array transducer of a large number of elements may have problems as discussed in the Introduction section. However, if the number of elements is reduced, quality of constructed images may be lowered. Therefore, it is important to study the trade-off between the quality of constructed images and the number of elements (or the element spacing) of an array. The following experiments will help obtain the best compromise.
III. Experiment
In the experiment, an ATS 539 tissue-equivalent phantom 1 (Fig. 1 ) was used. The phantom consists of cylindrical objects of different scattering coefficients relative to the background. The contrasts of these objects are −15, −10, −5, 5, 10, and 15 dB, respectively. In addition to the cylindrical objects, there are line objects in the phantom for testing the resolution of imaging systems. The boxes around the cylindrical objects and some of the line objects are shown in Fig. 1 . The phantom has a frequencydependent attenuation of about 0.5 dB/MHz per cm and the attenuation was compensated with a time-gain control (TGC) in image constructions (see the block diagram of the data acquisition of the high frame rate method in Fig. 3 of [24] ).
Two transducers were used in the experiment. One has an aperture of 18.288 mm, 2.25-MHz center frequency, 12.192-mm elevation dimension, an element spacing of 0.381 mm (0.591λ), and 48 total elements. The other has a dimension of 38.4 mm × 10 mm, 2.5-MHz center frequency, 0.6-mm element spacing (1.034λ), and 64 total elements. Both arrays have no focusing in the elevation direction, and the gap between elements is about 10% of the element spacing. For simplicity, no matching circuits were used, and, thus, the bandwidth (−6 dB) of the transducers is about 40% of their center frequency [24] . The speed of sound of the ATS rubber-based phantom is about 1.45 mm/µs at 23
• C. To obtain different element spacings or different numbers of elements for the arrays described previously, received signals from adjacent elements were summed. For example, to increase the element spacing from 0.591 to 1.182λ, signals from every two adjacent elements were combined.
Images constructed with the high frame rate imaging method at different element spacings are shown on the left-hand side of Fig. 2 for cross-sectional views of both cylindrical objects (see the first six columns with contrasts from 15 to −15 dB) and a line object (see the 7th and 8th columns). Images in the first seven columns were constructed with the array of 18.288 mm (aperture) and images in the 8th column were obtained with the array of 38.4 mm (aperture). The element spacings for the images in the first seven columns are 0.591, 1.182, 1.774, 2.365, 3.547, and 4.730λ, respectively, from the top to the bottom rows. Notice that the two grey-scale bars (upper and lower) on the far right of Fig. 2 have different scales, and they are used for the cylindrical and line objects, respectively. In addition, in column 8, there are only three, instead of six, images. This is because from a 64-element array, summation of signals of adjacent elements produces only arrays of an effective number of elements of 32, 16, or smaller, corresponding to an element spacing of 1.034, 2.069, and 4.138λ, respectively.
For quantitative study of the contrast of images of the cylindrical objects in Fig. 2 , the following formulas were used:
and
where m i is the mean of the constructed image of a cylindrical object (see the circles in Fig. 2 ), m o is the mean of the background of the phantom, Contr is image contrast that represents the ratio of the means inside and outside of the cylindrical objects in decibel scale, and Dev represents a mean deviation of the backscattering coefficient of a cylindrical object from that of the background. (If there is no difference between the means of the objects and the background, Dev = 0; and, if one of the means is 0 or infinity, Dev = 1; there is always 0 ≤ Dev ≤ 1). The image contrast (normalized to ±1) versus element spacing is shown in Fig. 3(1) , and the deviation is shown in Fig. 4(1) . It is observed that the image contrast and deviation decrease as element spacing increases.
For comparison, the same experimental data were used to construct images with the conventional delay-and-sum method [26] . The constructed images are shown on the right-hand side (from columns 9 to 16) of Fig. 2 corresponding to those on the left-hand side. The contrast and deviation of the constructed images of cylindrical objects are shown in Fig. 3(2) and 4(2) , respectively.
The results in Fig. 2 to 4 show that the high frame rate imaging method produces good images as compared with the conventional delay-and-sum method. However, the high frame rate method requires many fewer computations because the FFT and IFFT can be used, which simplifies imaging systems greatly. For example, only about N 3 log 2 N computations are needed for the high frame rate method to construct a 3-D image as opposed to N 5 for the conventional method, where N is a large number. (In axial or depth dimension, N could be as large as a few thousands.) In addition, no delays of receive signals are required for the high frame rate method.
IV. Discussion
In previous sections, we have constructed images with both the high frame rate and the conventional delay-andsum method using 1-D ultrasonic linear array transducers. Grating lobe artifacts appear in the images of wire targets for element spacings of two or more wavelengths in Fig. 2 . In addition, Fig. 2 shows that grating lobes of the line spread function of the high frame rate method do not affect the image contrast of cylindrical objects significantly if the element spacing is smaller than about 2.365λ. Fig. 3(1) and 4(1) show the image quality of the cysts deteriorated greatly only after the element spacing is larger than about 2.365λ. The effect of grating lobes is expected to be lessened further if images are constructed at greater depths because grating lobes may be out of the illumination area of the plane wave at these depths (notice that z min /D is about 0.99 and 1.58 for images of line and cystic targets, respectively, for the array transducer of 18.288 aperture size, and z min /D is about 0.47 for the 38.4-mm array). These results are valid for both image construction methods.
The resolution of images constructed with the high frame rate method is almost constant over a wide range of element spacing. This means that given an array aperture, the image resolution is almost constant.
From this study, the imaging of small specular targets (simulated by wire in a phantom) are well imaged with element spacing up to 1.77λ. For the cyst-like targets that are representative of a more frequently occurring practical medical imaging situation, the high frame rate method can be used with array transducers with an element spacing of about 2.365λ without significantly degrading the quality of constructed images. This is caused by the difference in the z min /D values of the two groups of images. These results indicate that the number of array elements can be reduced significantly. For example, a fully sampled (element spacing is λ/2) 128 × 128 2-D array has 16 384 elements. Such an array and its imaging systems are difficult to make with the current technology. With an element spacing of 2.365λ and considering that the two perpendicular directions of a 2-D array are independent, the number of elements can be reduced to about 732 and the 2-D array can be constructed with current array technology (assuming that the larger element spacing in diagonal directions of both the fully sampled and the element-reduced 2-D arrays can be ignored).
V. Conclusion
A high frame rate imaging method is recently developed that can be used to construct images at a high frame or volume rate (about 3750 frames/s at a depth of about 200 mm in biological soft tissues), in addition to many other advantages of the new method [23] [24] [25] . In this paper, experiments were performed to study the relationship between the quality of images constructed with the high frame rate method and the element spacing of array transducers. Results show that array transducers of element spacing as large as 2.365λ can be used to construct images of good quality if the object is not too close to the transducer surface (see Fig. 1 and 2 ). This could reduce the number of elements of a fully sampled 128 × 128 2-D array from 16 384 to about 732, and, thus, imaging systems with the high frame rate method can be greatly simplified.
